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Abstract
Cyanobacteria are responsible for the largest number of harmful blooms (HABs)
worldwide. HABs caused by the genus Microcystis pose public health threats because
they often occur within close proximity to humans and produce microcystin
(hepatotoxin), which can contaminate drinking water and recreational areas. Novel
molecular techniques facilitate monitoring, ‘early warnings’ of HAB events, and
appropriate management responses. Sandwich hybridization assay (SHA), the technique
considered here, directly (no amplification) identifies and quantifies planktonic species
using ribosomal RNA (rRNA)-targeted oligonucleotides. This project developed SHA for
Microcystis 16S rRNA and validated the assay using laboratory cultures and samples
from a multi-specific cyanobacteria bloom in a coastal stormwater detention pond. The
assay calibration curve and limits of detection were determined using M. aeruginosa
culture, though interspecific (M. aeruginosa, M. botrys, M. wesenbergii) comparisons
revealed significantly (p < 0.05) different responses for a comparable cell density.
Assessments of three light intensities (40, 60, 100 µmol photons m-2 s-1) and two
temperatures (25, 32˚C) showed that M. aeruginosa SHA response at 25˚C decreased
with light intensity, but varied at 32˚C, with a significant (p < 0.05) interaction between
light intensity and temperature. A multi-specific cyanobacteria bloom of the genera
Anabaena, Anabaenopsis, and Microcystis occurred during summer 2016. Microcystis
abundance was not significantly (p > 0.05) correlated with any form of measured
nutrients, but was positively and significantly (p < 0.05) correlated with microcystin
iv

concentration. The newly developed SHA successfully detected Microcystis from
environmental samples, showing its potential for its integration with cyanoHAB
monitoring efforts.
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Chapter 1
Introduction1
Cyanobacteria harmful algal blooms (cyanoHABs) are responsible for the largest
number of harmful algal blooms (HABs) worldwide and threaten human, pet, and
wildlife health (Paerl et al. 2001; Heisler et al. 2008; O’Neil et al. 2012; Paerl and Paul
2012; Paerl and Otten 2013). In particular, toxins produced during cyanoHABs can cause
contamination of drinking water and recreational areas (Falconer 1999; World Health
Organization (WHO) 1999). CyanoHABs further threaten ecosystem health by reducing
water clarity (sunlight does not penetrate as deep) leading to decreased primary
production (Paerl and Paul 2012), hypoxia and/or anoxia, fish-kills (Paerl et al. 2001;
Lewitus et al. 2003; Paerl and Paul 2012), and disruptions or shifts in the (noncyanobacterial) bacterial community (Berry et al. 2017). Conditions that favor
cyanoHAB development include nutrient-rich runoff (especially from nitrogen (N))
leading to eutrophication of receiving waters, as well as stagnation and warm water
temperatures (Lewitus et al. 2008; O’Neil et al. 2012; Paerl and Paul 2012; Paerl and
Otten 2013; Smith et al. 2015).
Toxins produced during a cyanoHAB event may include the hepatotoxins
microcystin and nodularins, the neurotoxins anatoxin-a, homoanatoxin-a, jamaicamides,
saxitoxin, antillatoxin, kalkitoxin, β-N-methylamino-L-alanine (BMAA), and the
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dermatoxin aplysiatoxin (Rastogi et al. 2015). Of these compounds, microcystin is most
commonly associated with cyanoHABs, and it is typically produced by Microcystis
(Davis et al. 2009; O’Neil et al. 2012), though microcystin may also be produced by
Anabaena, Synechococcus, Nostoc, and Oscillatoria (Rastogi et al. 2015).
Microcystis causes cyanoHABs worldwide (Kurmayer and Kutzenberger 2003;
Pan et al. 2006; Moisander et al. 2009; O’Neil et al. 2012, Paerl and Otten 2013; Smith et
al. 2015; Harke et al. 2016), and its presence has been observed on every continent except
Antarctica (Harke et al. 2016). Microcystis bloom incidences are also increasing globally,
and examples include Lake Taihu, China, Lake Erie, United States (US)/Canada, and
Lakes Okeechobee and Pontchartrain, US (Harke et al. 2016). During 2014, elevated
microcystin concentrations (1.17 – 10.58 µg L-1 across eight stations) in Western Lake
Erie during a Microcystis bloom resulted in a drinking water supply shutdown for the city
of Toledo, Ohio, US for more than two days (Steffen et al. 2017). The observed
microcystin concentrations were up to ten times higher than the WHO guideline of 1
µg L-1 for a threat to drinking water (WHO 1999). The same bloom event also posed a
minimal to moderate threat to recreation (swimming, fishing WHO 1999) as these threats
are categorized as minimal (<10 μg L-1, typically <2.00 x 104 cells ml-1), moderate (10- 20
μg L-1, typically 2.00 x 104 – 1.00 x 105 cells ml-1), and high (>20 μg L-1, typically >1.00
x 105 cells ml-1) (Environmental Protection Agency (EPA) document 820R15100).
In addition to large lakes, stormwater detention ponds (SWPs) can often harbor
cyanoHABs (including Microcystis blooms) because of their tendency to accumulate
nutrients from runoff (Lewitus et al. 2008; Greenfield et al. 2014), low flow, and long
residence times, which combined frequently lead to stagnation and eutrophication
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(Lewitus et al. 2003, 2008; Drescher et al. 2007). SWPs can improve water quality to
receiving waters (rivers, tidal creeks, estuaries) by filtering out nutrients, bacteria,
pollutants, and sediment (Drescher et al. 2007. SWPs are constructed to decrease and
manage localized flooding from storms (Drescher et al. 2007), but have become
increasingly popular as best management practices (BMP) for mitigating runoff due to
anthropogenic land use (e.g. fertilizers and pet waste (Serrano and DeLorenzo 2008)),
and can serve secondary functions such as aesthetics in golf courses and residential
neighborhoods (Drescher et al. 2007).
The use of SWPs as a BMP is widespread. As one example, in coastal South
Carolina (SC), US alone, the most recent inventory revealed over 21,000 SWPs (E. Smith
personal communication), and many are constructed in residential neighborhoods and on
golf courses (Lewitus et al. 2003; Lewitus and Holland 2003). The construction of SWPs
in coastal SC, and elsewhere along the southeastern US coast, help manage the
acceleration of anthropogenic non-point source pollution to coastal waters due to
population increases along the coast that cause conversion of land from natural to
residential/recreational uses, and increased impervious surface cover (Drescher et al.
2007). Microcystis, including blooms, has been observed in many of these SWPs
(Lewitus et al. 2008; Siegel et al. 2011; Greenfield et al. 2014), and it is often the
dominant cyanobacteria genus (Lewitus et al. 2008). Blooms of Microcystis in SWPs
pose a unique threat to public health because of their close proximity to humans.
The public health danger makes accurate and rapid identification and
quantification of cyanoHABs, especially those caused by Microcystis, important for the
early warning of bloom events. CyanoHAB genera/species and biomass assessments

3

typically entail optical methods such as light microscopy, flow cytometry,
epifluorescence microscopy (Berry et al. 2015), and satellite imagery (Lunetta et al.
2015), as well as molecular methods such as quantitative polymerase chain reaction
(qPCR) (Kurmayer and Kutzenberger 2003; Davis et al. 2009; Moisander et al. 2009).
Light microscopy has historically been the method of choice for evaluating cyanoHABs
because it is effective in species bloom identification. However, it is time consuming and
species-level identifications can be challenging because many species are
morphologically similar. Additionally, reporting can be delayed because only one sample
can be processed at a time (Berry et al. 2015). For Microcystis, its three-dimensional
colonial nature further complicates accurate quantifications. Although qPCR is often used
to identify and quantify Microcystis, quantification can be complicated if the target gene
has multiple copies, which may affect reporting to managers and thus the capacity of how
quickly management decisions can be made to protect human, and ecosystem health.
Sandwich hybridization assay (SHA) is another molecular method that uses
ribosomal RNA (rRNA) to rapidly (~1 hour processing time) identify and quantify a
target sequence. SHA uses two oligonucleotides, a capture probe that targets an rRNA
sequence unique to the particular species, genus, or group, and a signal probe that targets
a conserved sequence of the rRNA genome. If the target rRNA is present, it is
“sandwiched” between the capture and signal probes, then digoxygenin bound to the
signal probe reacts with an anti-digoxygenin antibody/horseradish peroxidase (HRP)
conjugate to produce a colorimetric product (Figure 1.1) (Goffredi et al. 2006). The
resulting colorimetric product’s absorbance is measured at 450 and 650 nm, and the data
are used to estimate cell density (Goffredi et al. 2006; Greenfield et al. 2006, 2008). If no
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reaction occurs, then the targeted rRNA sequence (and thus the species, genera, or group)
is presumably absent.
SHA has been used successfully to identify and quantify several HAB groups
including members of the genera Karenia (Haywood et al. 2007) and Pseudo-nitzschia
(Scholin et al. 1996; Greenfield et al. 2006, 2008; Ryan et al. 2011), as well as species
including, Alexandrium catenella (Anderson et al. 2005; Greenfield et al. 2008),
Cochlodinium polykrikoides (Mikulski et al. 2008), Heterosigma akashiwo (Tyrrell et al.
2001, 2002; Greenfield et al. 2008; Doll et al. 2014), and Fibrocapsa japonica (Tyrrell et
al. 2001). SHA has also been used to detect marine invertebrates (Goffredi et al. 2006;
Smith et al. 2011), fish eggs (Mortensen et al. 2015), and marine bacteria, including
cyanobacteria (Synechococcus) (Preston et al. 2009). However, no other efforts to date
have focused on cyanoHABs.
The majority of SHA development efforts to date have focused on quantifying
HAB species under nutrient replete and/or other optimal environmental scenarios (e.g.
Greenfield et al. 2008; Mikulski et al. 2008; Ryan et al. 2011; Doll et al. 2014). However,
recent evidence suggests that environmental conditions affect SHA response intensity.
For example, SHA response is influenced by both nitrate stress and diel cycle in the
raphidophyte Heterosigma akashiwo (Main et al. 2014), and by growth phase in the
dinoflagellate Karenia brevis (Haywood et al. 2007). Since SHA quantifies rRNA, and
ribosomes act as catalysts for protein synthesis, rRNA cell-1 is expected to reflect the
amount of protein synthesis (Nagai et al. 2011). Thus, alterations of cellular rRNA
content caused by changes in protein synthesis presumably affect SHA response (optical
density).
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For Microcystis, nutrient concentration (Orr and Jones 1998; Sevilla et al. 2010),
light intensity, and temperature (Li et al. 2014) have been found to affect cellular protein
and in some cases the cellular RNA content. For example, Orr and Jones (1998) found
that low nitrate conditions can cause a decrease in M. aeruginosa growth rate, and higher
nitrate concentrations were associated with a higher amount of protein. Additionally, Li
et al. (2014) found that higher light intensities and temperatures lead to an increased
specific growth rate in M. aeruginosa, and that the cellular RNA content is higher at
lower light intensities. However, Nagai et al. (2011) found positive, significant
correlations between light intensity and cellular RNA content as well as between
temperature and cellular RNA content in M. aeruginosa. The influences of light and
temperature on RNA content, and thus SHA response are relevant to assessing
Microcystis blooms because cells can form a dense surface layer that can cause shading,
and vary the light environment within the bloom, and all blooms do not occur at the same
temperature (Paerl and Otten 2013).
The goal of this study was to develop SHA for Microcystis, evaluate how various
light intensities and temperatures affect SHA response (optical density), and evaluate
SHA and concurrent environmental conditions associated with a cyanoHAB. The
outcomes of this study will provide a new tool that allows for rapid identification and
quantification of Microcystis, thereby aiding in the monitoring, management, and early
warnings of potentially toxic events in ecosystems where frequent Microcystis
cyanoHABs occur.
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Figure 1.1 Diagram of the SHA reaction. The capture probe hybridizes to the target
rRNA, then the target rRNA hybridizes to a digoxygenin (DIG) labeled signal probe
which binds to an anti-DIG horseradish peroxidase (HRP) conjugate. That binds to an
HRP substrate which produces a colorimetric response that is measured at 450 and 650
nm wavelengths. Not pictured: solid support medium (biotinylated prongs) that binds to
the capture probe for reaction.
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Chapter 2
Methods

2.1 Phytoplankton Culturing
Three species of the cyanobacteria genus Microcystis (M. aeruginosa Lake Erie 3
(LE3) isolated from Lake Erie, M. botrys Norwegian Institute for Water Research
(NIVA) 357 isolated from River Zala, Hungary, and M. wesenbergii Sassafras River (SR)
isolated from the Sassafras River, USA)) were raised (unialgal) in previously acid
washed (soaked for 24 hours in 10% hydrochloric acid (HCl), then rinsed six times with
deionized water) 50 ml glass culture tubes or 50 – 100 ml glass flasks in National Center
for Marine Algae and Microbiota (NCMA) BG-11 media (ncma.bigelow.org/algalrecipes). All Microcystis cultures produced microcystin (data not shown), were noncolonial, and were swirled three times weekly to prevent cells from sticking to the glass
or settling on the surface of the culture media. Additionally, isolates of the cyanobacteria
Anabaenopsis elenkinii (salinity of 25), and Anabaena flos aquae (salinity of 0), the
dinoflagellate Karlodinium veneficum (salinity of 20), and the diatoms Navicula spp., and
Thalassiosira pseudonana (both at salinity of 30) were raised using f/2 medium (silica
(Si) added only to diatom cultures) (Guillard and Ryther 1962) with the exception of
Anabaena flos aquae, which was cultured in BG-11 medium. All species were kept at
25˚C on a 12:12 light:dark cycle with a light intensity of 100-105 µmol photons m-2 s-1.
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2.2 Capture Probe Design
The capture probe was designed using Microcystis 16s rRNA sequences from
GenBankâ from four species of Microcystis: M. aeruginosa, M. botrys, M. wesenbergii,
and M. flos-aquae, as well as four additional cyanobacteria genera: Anabaena,
Anabaenopsis, Synechococcus, and Oscillatoria, as outgroups (Table 2.1). Criteria for
capture probe design followed guidelines in Goffredi et al. (2006) of the guanine-cytosine
(G+C) content being at least 40% and the sequence being within 250 base pairs of the
signal probe, EUB 338 (Table 2.2), a sequence that targets general bacteria (Daims et al.
1999) and has been successfully used in SHA with marine cyanobacteria (Preston et al.
2009). Capture and signal probes were ordered from Integrated DNA Technologiesâ
(IDT), with EUB 338 modified to include one digoxigenin and one internal spacer 9 on
the 5’ and 3’ ends as per Preston et al. (2009), and the capture probe included one biotin,
and three internal spacer 9 on the 5’ end (Goffredi et al. 2006). Upon receipt from IDT,
probes were stored at -80˚C until rehydrated.

2.3 Capture and Signal Probe Solution
Capture and signal probes were rehydrated using 1X Tris-acetate-EDTA (TAE)
buffer, added according to the probe’s absorbance at 260 nm (A260) and expected yield,
as provided by IDT (A260* expected µg OD-1 = theoretical yield (µg µL-1)), such that the
theoretical yield was equal to the volume of 1X TAE (µL) added to each probe. A
NanoDropä 1000 Spectrophotometer was used to measure each probe’s A260 (ng µL-1)
for preparation of stock solutions. Working stock solutions were prepared as needed
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following published methods for capture (400 ng ml-1 probe assay wash; Goffredi et al.
2006; Greenfield et al. 2008), and signal (150 ng ml-1 of 0.22 µm filtered 0.5M
guanidinium thiocyanate (GuSCN); Preston et al. 2009), then stored at 2 - 4˚C. Stock
solutions of probe assay wash (stored at 2 – 4˚C) and signal buffer (stored at room
temperature, 25˚C) were prepared by the Monterey Bay Aquarium Research Institute.

2.4 Sandwich Hybridization Assay Sampling and Procedure
Cells from Microcystis cultures were counted using a 0.1mm hemocytometer,
specifically the gridded area of 1 mm2 (100 nl total, 5 nl squares x 20) until the entire 1
mm2 area, or 300 cells within the chamber squares (chosen at random) were counted,
whichever occurred first. Culture was counted six times before collecting samples for
SHA (described below), and nine times (three aliquots, 1 ml each, taken from the culture,
and counted three times each) when counting for the calibration curve and the limits of
detection (Greenfield et al. 2008; Doll et al. 2014).
Samples for SHA (environmental or culture) were filtered (volume varied based
on density of cells, but ranged from ~0.5 – 3 ml) onto 25 mm, 0.22 µm pore size
Duraporeâ filters, then each filter was placed in a 2 ml screw-top cryovial with the
sample side facing in, then flash frozen and stored in liquid nitrogen (N2) until analyses.
Since preliminary experiments showed that Microcystis cell lysis was enhanced by
successive sample freeze/thaw cycles (data not shown), all filters containing Microcystis
underwent four freeze/thaw cycles before analyses as follows. After the initial flash
freeze, samples were thawed to room temperature (20 min), refrozen (N2; 15 min), and
repeated two more times for a total of four freezes. Sample homogenization chemistry
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followed Preston et al. (2009), such that three replicate samples were used to create all
homogenates except for the calibration curve, which used five replicates (Greenfield et al.
2006, 2008; Doll et al. 2014). The sample homogenates were combined and then loaded
into sample wells (250 µL) of a 96-well plate (Evergreen Scientificã sterile microplates),
and was then processed using and Affirm robotic processor (Microprobe Corporation)
following Goffredi et al. (2006). The optical density was measured at 650 and 450 nm
(BioTek Synergy HT plate reader), and measurements were then used to estimate
Microcystis cell density, though the 450 nm results are the primary focus of this study
due to their relatively greater sensitivity (higher optical densities).

2.5 Cross Reactivity, Calibration Curve, and Limits of Detection
To assess whether the Microcystis capture probe, MIC 593, exhibited crossreactivity with other phytoplankton, the cyanobacteria Anabaenopsis elenkinii and
Anabaena flos-aquae, the dinoflagellate Karlodinium veneficum, and the diatoms
Thalassosira pseudonana and Navicula spp. were evaluated as follows. Cyanobacteria
were concentrated on a filter (0.22 µm pore size Duraporeâ) until saturation (typically 5 –
10 ml) then analyzed as described above. Dinoflagellate and diatom samples were
concentrated onto 0.45 µm pore size Duraporeâ filters (Greenfield et al. 2006, 2008) until
the filter was saturated (typically 5- 10 ml) then samples were homogenated following
published methods for eukaryotic phytoplankton (Greenfield et al. 2006; Doll et al. 2014)
prior to SHA analyses. All SHA reactions were processed using the MIC 593 capture
probe and the EUB 338 signal probe, and each plate only contained a negative control
(0.22 µm filtered lysis buffer only).
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The Microcystis calibration curve was generated using M. aeruginosa (LE3)
because this species commonly blooms, and it is typically the most toxic species (Davis
et al. 2009; Liu et al. 2011; Steffen et al. 2017). M. aeruginosa LE3 samples were
collected during mid-log phase growth (2.4 x 107 cells filter-1) as stated above, and stored
in liquid N2. Immediately before SHA analysis, filters containing samples (n=5)
underwent freeze/thaw cycles, and were homogenized as above, diluted (1.5M of 0.22
µm filtered (Nalgeneä Rapid-Flowä sterile filter and storage bottle) lysis buffer) so cell
concentration was 5.26 x 106 cells ml-1 of homogenate, then it was serially diluted with
1.5M lysis buffer to create a five point calibration curve (Greenfield et al. 2006, 2008;
Doll et al. 2014) at the following cell densities, 1.30 x 106, 6.50 x 105, 3.25 x 105, 1.63 x
105, and 8.13 x 104 cells 250 µL-1 of homogenate.
The upper limits of detection (ULOD) and quantification (ULOQ) were
operationally defined as cell densities that produce saturating (non-linear) absorbances
(~3.0 at 450 nm) (Ryan et al. 2011; Doll et al. 2014). The lower limit of quantification
(LLOQ) was extrapolated from the calibration curve where cell densities became nonlinear, and was considered the cell densities equal to those producing absorbance
readings equal to the Y-intercept of the calibration curve equation. The lower limit of
detection (LLOD) was operationally defined as cell densities that produce absorbance
readings three standard deviations above the optical density of the negative control (0.22
µm filtered lysis buffer only) (Ryan et al. 2011; Doll et al. 2014; Mortensen et al. 2015)
and was determined by testing cell densities of 2.50 x 104, 2.00 x 104, and 1.50 x 104 cells
250 µL-1 of homogenate (based on preliminary SHA tests).
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2.6 Microcystis Species Experiment
Since the calibration curve for our genus-level SHA was generated using M.
aeruginosa, it was necessary to evaluate whether SHA response varied among
Microcystis species. Thus, three species, M. aeruginosa, M. botrys, and M. wesenbergii,
that are known to co-occur in environmental samples (Murphy et al. 2003; Li et al. 2016)
were cultured as above then evaluated as follows. Log phase culture (5 x 105 cells ml-1)
was transferred into 100 ml of fresh BG-11 media (n=3) (125 ml pre-sterilized glass
flasks (Pyrex)), and growth was monitored every other day during lag phase, and every
day during log phase (based on a previously determined growth curves (data not shown))
using cell counts as determined by light microscopy, such that each replicate was
enumerated three times. During mid-log phase, samples (3 x 107 cells filter-1; n=8 filters
per replicate, N=24 filters per species) were collected and homogenized as above then
diluted (1.5M of 0.22 µm filtered (Nalgeneä Rapid-Flowä sterile filter and storage
bottle) lysis buffer) if necessary to ensure responses (450 nm) remained within the linear
absorbance range.

2.7 Influences of Light and Temperature on SHA Response, Chlorophyll a, Microcystin,
and the Efficiency of Photosystem II
Since light intensity and/or temperature varies among environments and seasons,
this can affect Microcystis growth rate (Li et al. 2014; Yin et al. 2016), which can in turn
potentially affect rRNA content and thereby the SHA response (optical density). To
assess potential effects of light and temperature on SHA response, M. aeruginosa LE3
was tested under three light intensities, high (~100 µmol photons m-2 s-1), medium (~ 60
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µmol photons m-2 s-1), and low (~ 40 µmol photons m-2 s-1), and two temperatures, 25˚C
and 32 ˚C combinations. The experimental light intensities were achieved using mesh
screens, and light intensity was measured using a Quantum Scalar Irradiance Meter
(QSL-100; Biospherical Instruments Inc.). Prior work has shown that 25˚C is within the
optimal range for Microcystis (O’Neil et al. 2012), and 32˚C is near the maximum
temperature observed in southeastern coastal stormwater detention ponds, similar to those
sampled for this study, as well as near the peak water temperatures reported during
regional cyanobacteria blooms (Siegel et al. 2011; Greenfield et al. 2014). Prior work has
also shown that Microcystis growth positively scales with light intensity (Liu et al. 2011;
Li et al. 2014; Xiao et al. 2017), though temperature can further mediate growth within a
given irradiance (Xiao et al. 2017). The light environment can be an important factor
during a bloom because dense blooms can cause shading, and decrease the light intensity
in the bloom (Paerl and Otten 2013).
M. aeruginosa LE3 was slowly acclimated from 25˚C to 32˚C at 2˚C increments
every two days, then these cultures were gradually acclimated to their experimental light
intensities (high, medium, and low) with two days at each light intensity. All cultures
were raised at their experimental conditions for at least five days before starting each
experiment. After the acclimation period, log phase culture (5 x 105 cells ml-1) was
transferred into 175 ml of fresh BG-11 media (n=3 per light and temperature
combination) (250 ml pre-sterilized glass flasks (Pyrex)), and growth was monitored
every other day during lag phase, and every day during log phase (based on a previously
determined growth curves (data not shown)) using cell counts as determined by light
microscopy, such that each replicate was enumerated three times. During mid-log phase,
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samples (3 x 107 cells filter-1; n=8 filters per replicate, N=24 filters per light and
temperature combination) were collected as stated above. Samples for chlorophyll a (chl
a) (20 ml), and microcystin were also taken as described below. At the time of sampling,
the efficiency of photosystem II (Fv/Fm) was also determined following 15 minutes of
dark adaptation (Xu et al. 2012) using a Phyto-PAM fluorometer (Walz). The microcystin
samples were diluted by a factor of 5 (using diluent provided by manufacturer) following
the manufacturer specifications, and SHA samples were diluted (1.5M of 0.22 µm filtered
(Nalgeneä Rapid-Flowä sterile filter and storage bottle) lysis buffer) if necessary to
ensure responses (450 nm) remained within the linear absorbance range.

2.8 Environmental Samples
2.8.1 Study Location
The survey described herein focused on two SWPs in Charleston, SC (Figure 2.1).
The ponds were connected via subterranean drainage pipes and were located in a
residential neighborhood, with one side of the pond next to the road, and the other sides
lined with trees and/or private residences. Pond 1 was the larger of the two ponds with an
approximate water surface area of 4,900 m2 and Pond 2 was approximately 1,175 m2
(measured using Google Mapsä ). Pond 1 and 2 were approximately 20 m apart
separated by a road and sidewalk. Four total sites were sampled (Pond 1- North and
South, and Pond 2- North and South) as the bloom was concentrated in different areas.
This study location was selected in response to a notification from a resident to the
laboratory about an algal bloom in Pond 1 during April of 2016. Preliminary microscopy
observations indicated the presence of Microcystis spp. Before the bloom was reported,
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there was extensive tree removal directly behind Pond 1 during early spring 2016 in
preparation for new construction.

2.8.2 Sampling
There were two distinct blooms and thus sampling periods (29 April – 16 May
2016 and 15 June – 2 August 2016) because the initial bloom subsided in mid-May, but a
second bloom was reported during June. During each collection period, sampling
occurred two-to-three times a week during a bloom, and one-to-two times a week as the
bloom declined. At each site, water quality parameters (pH, dissolved oxygen (DO),
temperature, and salinity) were taken from subsurface (0.3 m depth) waters using a handheld ISFET pH meter (miniLabâ) and a YSI Pro 2030. Subsurface water samples (n=3)
were then collected in previously acid-washed (as above) 1L plastic bottles, and 30 ml of
subsurface water (n=1) was preserved with Lugol’s iodine (3%) in glass amber vials. All
samples were transported back to the lab in a cooler in the dark.
In the lab, chl a and nutrient samples were collected from each replicate, and a
microcystin sample was collected from one replicate (chosen at random), then processed
as below. SHA samples were collected and processed as above from each replicate if
Microcystis was present in the sample (based on light microscopy). Due to an unfortunate
circumstance with the liquid N2 dewar, the environmental SHA samples were
compromised, so those samples are only used for qualitative (positive/negative)
Microcystis detection at, or above the LLOQ.
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2.9 Analytical Procedures
2.9.1 Chlorophyll a
Samples (environmental or culture) were filtered (up to 40 ml) onto 0.7 µm glass
fiber filters (GF/Fs) then placed in plastic 20 ml scintillation vials with 1 ml of saturated
magnesium carbonate (MgCO3) to help protect the chl a from acid degradation. The vials
containing filters were then frozen at -20˚C until extraction using 90% high-performance
liquid chromatography grade acetone for 36 - 48 hours. Final chl a concentration (µg L-1)
was determined using a TD 700 fluorometer (Welschmeyer 1994).

2.9.2 Nutrient Analyses
Environmental samples (~15-17 ml to allow room for water to expand when
frozen) were filtered through pre-combusted 0.7 µm GF/F (450˚C for 4 hours) into 20 ml
previously acid- washed (as stated above) glass scintillation vials. Whole water samples
were also collected in 20 ml acid-washed glass scintillation vials, and all samples were
frozen at -20˚C until analysis. The filtrate was used to determine the concentration of
dissolved orthophosphate (PO43-), nitrate+nitrite (NO3-+NO2-), ammonium (NH4+), total
dissolved nitrogen (TDN), and total dissolved phosphorus (TDP). Whole water
(unfiltered) was used to determine the concentrations of total nitrogen (TN) and total
phosphorus (TP). Dissolved inorganic nitrogen (DIN = NO3-+NO2- +NH4) and TDN
concentrations were used to calculate the dissolved organic N (DON) concentrations
(TDN – DIN). PO43- and TDP concentrations were used to calculate dissolved organic P
(DOP) (TDP - PO43) concentrations. Nutrient samples were analyzed using a Lachat

17

Quick-Chem 8000 nutrient auto-analyzer following well- established methods
(Zimmerman and Keefe 1991; Grasshoff et al. 1999).

2.9.3 Microcystin Analysis
Microcystin samples (15 ml of whole (unfiltered) sample water (environmental or
culture)) were collected in 30 ml glass amber vials and frozen at -4˚C until analysis.
Microcystin concentrations were determined using the Microcystins-ADDA Enzyme
linked immunosorbent Assay (ELISA) Microtiter Plate kit from Abraxisâ (PN 520011)
following manufacturer protocols.

2.9.4 Enumeration of Preserved Field Samples
Cyanobacteria cells from preserved (Lugol’s iodine) environmental samples were
counted using a Sedgewick rafter chamber and an inverted microscope (Nikon Eclipse
TS100). Since the colonial nature of Microcystis cells made accurate enumeration
difficult, the colony volume (based on spherical colonies) was used to estimate the
number of cells per colony, and this value was then used to estimate cells ml-1 as follows.
To determine colony volume, images of Microcystis colonies were taken using an
inverted microscope with a Nikonâ camera attachment (Nikon TS 100). Colony diameter
was measured using i-Solutionä Lite computer software (Image & Microscope
Technology Inc.ã). The colony radius was determined from the diameter, then colony
volume (V = 4/3Pr3) was used to estimate the number of cells colony-1 using the equation
Y = 0.00195X + 1731 by Joung et al. (2006) where Y represents the cells colony-1, and X
represents colony volume (µm3). Since colony size was highly variable, the number of
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colonies needed to be counted in order to accurately represent the sample was determined
by photographing 100 colonies then calculating the cells colony-1 as above. The average
number of cells colony-1 was then used to estimate how many colonies yielded
approximately 1.00 x 105 cells, because 1.00 x 105 cells ml-1 is the upper threshold in the
high- recreational risk category for the EPA (EPA document 820R15100), and it is the
bloom threshold for Microcystis (Greenfield et al. 2014). Based on these calculations, 28
colonies were enumerated for each sample (From the 100 colonies, average cells colony1
± SD: 3,678 ± 3,819). For sparse environmental samples, the entire rafter Sedgewick
chamber was counted, and for dense environmental samples, chamber squares (chosen at
random) were counted until 28 colonies were enumerated. Colony volume and cells
colony-1 were determined as above. The total number of cells colony-1 (determined by a
summation of the cells colony-1 from each of the 28 colonies), and the number of chamber
squares counted was then used to calculate cells ml-1.

2.10 Statistical Analyses
One-way ANOVAs were used for the cross-reactivity tests to assess significant
differences between optical densities of the genera/species tested and the negative
control, as well as the Microcystis species experiment to assess significant differences
between the optical densities of the three species. Two-way ANOVAs were used in the
Microcystis light and temperature experiment to assess significant interactions between
the two factors, and/or if there were any significant differences in optical densities, chl a,
Fv/Fm, or microcystin in each treatment. A Ryan-Einot-Gabriel-Welsch F post-hoc test
was used if necessary. A Spearman rank-order correlation analysis was used to evaluate
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environmental data (water quality, water chemistry, cell counts, microcystin, chl a)
followed by a stepwise linear regression on the significantly correlated variables. If only
one variable was significantly correlated, then a simple linear regression was used. If TN
or TP was significantly correlated with the variables, separate stepwise linear regressions
were performed using only TN and/or TP to avoid any collinearity between TN and the
other N forms, or TP and the other P forms. Since not all sampling sites were sampled
with equivalent frequency, the four sampling sites were pooled together for Spearman
rank-order correlation and stepwise linear regressions to avoid site bias. SPSS statistics
was used to perform all statistical tests, and the statistical a– value was set at 0.05.
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Table 2.1 GenBankâ Accession Numbers for DNA sequences used to design the
Microcystis capture probe. Capture probe design focused on the 500 – 600 base pair
region because of proximity to the EUB 338 signal probe.

Species
GenBankâ Accession Number
M. aeruginosa NR_074314.1
EF121241.1
AB271211.1
AF139314.1
DQ648030.1
D89031.1
U03402.1
U40338.1
KM019996.1
KC311967.1
KF287009.1
KC311976.1
KF286989
EU541971.1
DQ648026.1
KJ818172.1
KJ818203
M. flos-aquae
M. wesenbergii
Anabaena flos aquae
Anabaenopsis circularis
Synechococcus spp.
Oscillatoria duplisecta

AF139328.1
U40334.1
AJ630422.1
AF247595.1
AY224199.1
AM398947.1
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Table 2.2 Capture and signal probe sequences used in sandwich hybridization assay for Microcystis ([C9] = interspacer 9, DIG =
digoxygenin)

Probe
Capture MIC 593
Signal

EUB 338

Target
Microcystis

Sequence
5' biotin-[C9 x 3]-AACCTGATTTGACGGCAGACTTGGCTGA 3'

Bacteria

5' DIG-[C9]-GCWGCCWCCCGTAGGWGT-[C9]-DIG 3'

Reference
This Study
Daims et al. 1999
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Figure 2.1 Map of study location in relation to the Charleston Harbor, South Carolina.
Study location is represented by the black star. Sampling occurred at four sites. Pond 1North (32.754656˚N, -79.986546˚W), Pond 1- South (32.753362˚N, -79.986478˚W).
Pond 2 -North (32.754503˚N, -79.986068˚W), Pond 2 - South (32.753684˚N, 79.986144˚W).
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Chapter 3
Results

3.1 Assay Development, and Range and Limits of Detection
The designed capture probe, MIC 593 (Table 2.2), was 28 base pairs long, had a
G+C content of 50%, and was located approximately 255 base pairs from the signal
probe used here, EUB 338. When applied using bacteria chemistry (Preston et al. 2009),
this SHA application successfully identified Microcystis. No cross reactivity was
observed with any of the genera or species tested, as defined as three standard deviations
different from the negative control (lysis buffer only) (Table 3.1). Furthermore, the assay
developed herein successfully quantified cultured M. aeruginosa (LE3), with an ULOD
and ULOQ (saturation optical density, also highest point on the calibration curve) of
~1.30 x 106 cells 250 µL lysate-1 (Figure 3.1). The LLOQ was ~ 7.75 x 104 cells 250 µL
lysate-1, and it was the lowest point on the calibration curve (Figure 3.1), but the LLOD
was ~1.50 x 104 cells 250 µL lysate-1 (mean optical density of three standard deviations
above the negative control).

3.2 Laboratory experiments: The Effects of Species, Light and Temperature on
Microcystis SHA Response
The assay yielded positive responses for all three species of Microcystis tested
(M. aeruginosa, M. botrys, and M. wesenbergii; Figure 3.2). However, at similar cell
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densities (~1.25 x 106 cells 250 µL lysate-1), each species exhibited significantly different
SHA responses (p < 0.05). M. aeruginosa had the highest SHA response (2.817 ± 0.259),
while M. botrys had the lowest SHA response (1.563 ± 0.215; Figure 3.2).
Light intensity affected M. aeruginosa SHA response such that the greatest values
were associated with the highest light intensity at both 25˚C (1.957 ± 0.189) and 32˚C
(1.947 ± 0.233; Figure 3.3). However, the lowest SHA responses were associated with
low and medium light intensities for 25˚C (1.581 ± 0.208) and 32˚C (1.447 ± 0.184)
respectively (Figure 3.3), with a significant interaction between light intensity and
temperature (p < 0.05). M. aeruginosa produced detectable microcystin in all treatments
(Table 3.2), and there was no significant interaction between light intensity and
temperature (p > 0.05). The main effects of temperature and light intensity were both
significant (p < 0.05), with the microcystin concentrations significantly higher at 25˚C
than 32˚C, and two groupings for light intensities; (1) high light intensity and (2) medium
and low light intensities. The highest chl a content occurred in the low light treatment at
32˚C (1,596.7 ± 145.9 µg L-1), and the lowest chl a content occurred in the low light
treatment at 25˚C (1,108.7 ± 34.0 µg L-1; Figure 3.4), with a significant interaction
between light intensity and temperature (p < 0.05). In general, Fv/Fm was higher at 25˚C
than 32˚C for all light intensities (Figure 3.5), and there was no significant interaction
between light intensity and temperature (p > 0.05). The main effect of effect of light
intensity was not significant (p > 0.05), while the main effect of temperature was
significant (p < 0.05).
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3.3 Environmental Samples
The cyanobacteria bloom was first observed in Pond 1- North, then it was found
in Pond 1- South, and Pond 2- North and South. Three cyanobacteria bloom genera were
observed: Anabaena, Microcystis, and Anabaenopsis. Anabaena bloomed first (29 April
– 13 May 2016 sampling dates), but only in Pond 1- North, and Anabaena was only
found in during the first sample period. During the second sample period in Pond 1North, Microcystis bloomed first (15 June 2016), followed by a Microcystis and
Anabaenopsis co-bloom (17 June – 11 July 2016 sampling dates), then an Anabaenopsis
bloom (14 - 26 July 2016 sampling dates). Pond 2 – North and South only contained a
Microcystis bloom (17 June – 11 July sampling dates). The bloom recurred most often in
Pond 1- North, and consequently this site was the most frequently sampled. Generally,
across all four sites, the June sampling dates had the highest Microcystis concentrations,
and July had the highest Anabaenopsis concentrations (Figure 3.6, Table 3.3).
Microcystin was detected at all sites, with the highest concentrations of microcystin
coinciding with the greatest Microcystis cell densities (17, 22, and 24 June 2016 sampling
dates; Figure 3.6, Table 3.3).
In Pond 1- North, the temperature increased from the first (29 April – 16 May
2016) to the second sample period (15 June – 2 August 2016), with the highest recorded
temperature (35.1˚C) on 15 June 2016 (Figure 3.7). The pH and DO for Pond 1- North
varied inconsistently throughout the sample periods, with the highest pH recorded on 11
May 2016 (9.75), and the highest DO recorded on 26 July 2106 (10.23 mg L-1; Figure
3.7). Water quality (temperature, DO, and pH) in Pond 1- South, and Pond 2- North and
South followed similar trends as Pond 1- North (Table 3.4). For Pond 1- North, the
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inorganic (Figure 3.8), organic (Figure 3.9), and total (Figure 3.10) nutrient
concentrations exhibited no consistent pattern during either sampling period, but an
overall higher total nutrient concentration was observed during the second sample period
(first sample period: TN: 178.63 ± 144.49, TP: 11.44 ± 8.00 µM, second sample period:
TN: 313.57 ± 419.16, TP: 20.93 ± 24.49 µM). Concentrations of TN were generally
much higher than TP (TN: 426.88 ± 507.01µM, TP: 28.15 ± 15.78 µM). Nutrient
concentrations for Pond 1- South, and Pond 2- North and South also showed no
consistent pattern, though N concentrations were overall higher than P concentrations
(Table 3.5, 3.6, 3.7).
Across all four sites, concentrations of DON were higher than DIN (DON: 70.58
± 57.64 µM, DIN: 10.50 ± 8.99 µM), with NH4+ being the predominant DIN form
(Figures 3.8, 3.9; Table 3.5). Concentrations of DOP and PO43- did not follow the same
pattern as DON and DIN across all sites rather, the concentrations of DOP and PO43varied, and one was not consistently higher than the other (Figures 3.8, 3.9; Table 3.5).
For Ponds 1- North and South, concentrations of DOP were generally higher than the
PO43-, though fluctuations occurred throughout the sample periods in Pond 1- North
(Figures 3.8, 3.9), whereas in Pond 1- South, concentrations of PO43- exceeded DOP only
on 20 and 26 July 2016 (Table 3.5). For Pond 2- North and South, the concentrations of
DOP were lower than PO43- for the June 2016 sampling dates, and varied during the July
and August 2016 sampling, with three sample dates in Pond 2- North (6, 11, and 20 July
2016), and Pond 2- South (6, 11, 26 July 2016) where the concentrations of DOP
exceeded the PO43- concentrations (Table 3.5). The average DON:DOP (range: 3.12 –
338.96 µM) was generally higher at all four sites than the average DIN:DIP (range: 0.61
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– 50.19 µM). Additionally, the average range of TN:TP across all four sites was large
(2.73 – 34.70 µM), but within a site, it was more consistent than either the DON:DOP or
DIN:DIP (Tables 3.6, 3.7).
TN, TP, DON, DOP, and TN:TP were significantly (p < 0.05) correlated with chl
a, but DON was the only N-fraction significantly correlated with any bloom species
abundance (Table 3.8). Specifically, DON was negatively and significantly correlated (p
< 0.05) with Anabaena, and positively and significantly correlated (p < 0.05) with
Anabaenopsis. PO43- was positively and significantly correlated (p < 0.05) with
Anabaenopsis. Both DIN pools, NO3- + NO2- and NH4+, were positively and significantly
(p < 0.05) correlated with microcystin concentration, but no significant (p > 0.05)
correlations were found between any nutrient form and Microcystis abundances. No
water quality variables (pH, DO, and temperature) were significantly (p > 0.05)
correlated with Anabaena, or Anabaenopsis abundances, but pH was negatively and
significantly correlated (p < 0.05) with Microcystis abundance. Temperature and DO
were positively and significantly (p < 0.05) correlated with chl a, and DO was positively
and significantly (p < 0.05) correlated with microcystin concentration (Table 3.8).
TP was the best predictor of chl a (adjusted R2 = 0.925) when the latter was used
as the dependent variable with TN, TP, and TN:TP as the independent variables (Figure
3.11 A). By comparison, DON, DOP, Microcystis, and Anabaenopsis were the best
predictors of chl a (adjusted R2 = 0.966) when TN and TP were excluded (Figure 3.11 B).
TN was the best predictor of Anabaenopsis abundance (adjusted R2 = 0.803) when the
used as the dependent variable with TN and TP as the independent variables (Figure 3.12
A), whereas chl a was the best predictor of Anabaenopsis abundance (adjusted R2 =
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0.631) when TN and TP were excluded (Figure 3.12 B). pH and microcystin were the
best predictors of Microcystis abundance (adjusted R2 = 0.406; Figure 3.13 A), and
Microcystis was the best predictor of microcystin concentration (adjusted R2 = 0.284;
Figure 3.13 B). Anabaena abundances were only significantly correlated with DON
(Table 3.8), though a strong linear relationship was found between the two variables
(adjusted R2 = 0.986; Figure 3.14).
Microcystis was positively detected at or above the LLOQ in 70.8% of the
environmental samples using SHA. While field samples collected in this particular study
could not be used for reliable SHA quantification, the estimated Microcystis cells 250 µL
lysate-1 as determined from the preserved field samples is provided along with the SHA
field data (Table B.1).
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Table 3.1 Mean optical density (450 nm) of each cross reactivity test (n=3 ± SD), with
Microcystis provided for reference. p-value indicates whether the optical density for each
species was significantly different (one-way ANOVA) than the negative control (0.22 µm
filtered lysis buffer). Negative control 1 is for A. elenkinii, and A. flos aquae, and
negative control 2 is for K. veneficum, N. spp., and T. pseudonana. M. aeruginosa
negative control mean optical density (450 nm) = 0.095 ± 0.018.
Species

Optical Density (450 nm)

Microcystis aeruginosa

1.820 ± 0.049
p = 0.000

Anabaenopsis elenkinii

0.068 ± 0.003
p = 0.335

Anabaena flos aquae

0.068 ± 0.003
p = 0.398

Negative control 1

0.066 ± 0.002

Karlodinium veneficum

0.066 ± 0.004
p = 0.386

Navicula spp.

0.075 ± 0.010
p = 0.430

Thalassiosira pseudonana

0.073 ± 0.010
p = 0.573

Negative control 2

0.069 ± 0.004
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Optical Density (nm)

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0E+00

y = 2.0540E-06x + 0.3347
R² = 0.9863

450
650

y = 9.3070E-07x + 0.1619
R² = 0.9875

5.0E+05
1.0E+06
Cells 250 μL lysate-1

1.5E+06

Figure 3.1 SHA calibration curve for Microcystis created with M. aeruginosa LE3 (n=3 ±
SD) using four freeze/thaw cycles. Markers are shown for 450 nm (dark gray squares)
and 650 nm (light gray triangles) as well as dashed lines for regressions of both 450 (dark
gray) and 650 nm (light gray), respectively.
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Optical Density (450 nm)

3.5
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2.5
2
1.5
1
0.5
0
M. aeruginosa

M. botrys

M. wesenbergii

Figure 3.2 SHA mean optical density (450 nm) (n=9 ± SD) of log-phase culture from the
Microcystis species experiment (~1.25 x 106 cells 250 µL lysate-1). Optical densities of
each species were significantly (p < 0.05) different.
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Optical Density (450 nm)
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Figure 3.3 SHA mean optical density (450 nm) (n=9 ± SD) of log phase M. aeruginosa
LE3 culture (~1.0 x 106 cells 250µL-1 lysate) from the light and temperature (25˚C dark
gray bars, and 32˚C light gray bars) experiment. High light (~100 µmol photons m-2 s-1),
medium light (~60 µmol photons m-2 s-1), and low light (~40 µmol photons m-2 s-1).
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Table 3.2 Microcystin concentrations (µg L-1) (n=3 ± SD) of the M. aeruginosa LE3
culture at the time of sampling during mid-log phase growth for the light and temperature
experiment. Values take into account the dilutions made before using the microcystin
ELISA kit. Microcystin was significantly different at 25 and 32˚C (p < 0.05), and at the
different light intensities (p < 0.05), with two groupings: High Medium Low

Light Intensity
High
Medium
Low

25˚C
47.473 ± 0.883
50.504 ± 0.300
48.582 ± 1.499
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32˚C
41.346 ± 1.052
43.737 ± 0.971
44.703 ± 0.645

1800
Chl a (μg L-1)

1500
1200
900
600
300
0
High

Medium
Light Intensity

Low
25˚C

32˚C

Figure 3.4 Mean chl a (µg L-1) (n=3 ± SD) from the light and temperature experiment
(25˚C dark gray bars, and 32˚C light gray bars). High light (~100 µmol photons m-2 s-1),
medium light (~60 µmol photons m-2 s-1), and low light (~40 µmol photons m-2 s-1).
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Figure 3.5 Mean efficiency of photosystem II (Fv/Fm) (n=3 ± SD) from the light and
temperature experiment (25˚C dark gray bars, and 32˚C light gray bars). High light (~100
µmol photons m-2 s-1), medium light (~60 µmol photons m-2 s-1), and low light (~40 µmol
photons m-2 s-1). There was no significant (p > 0.05) interaction between light intensity
and temperature.
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Figure 3.6 Mean chlorophyll a (chl a) (bars) (µg L-1) (n=3 ± SD), microcystin (µg L-1) (<
1 µg L-1 = white bar, 1 -2 µg L-1 = light gray bar, 2 - 5 µg L-1 = medium gray bar, > 5 µg
L-1 = dark gray bar), and Anabaena (gray square), Microcystis (gray triangle), and
Anabaenopsis (gray circle) cell concentrations (cells ml-1) (n=3 ± SD) for Pond 1- North.
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Table 3.3 Microcystin concentration (µg L-1), mean chlorophyll a (chl a) content (µg L-1) (n=3 ± SD), mean Microcystis (n=3 ± SD)
for Pond 1 – South and Pond 2 – North and South, and mean Anabaenopsis (cells ml-1) for Pond 1- South. Anabaenopsis did not
bloom in Pond 2 – North or South, so Anabaenopsis was not counted at those sites. Cell counts based on light microscopy of
preserved samples.

Site

Pond 1- South

38
Pond 2- North

Date (2016)

Microcystin (µg L-1)

chl a (μg L-1)

Microcystis (cells ml-1)

Anabaenopsis (cells ml-1)

15-Jun

2.39

87.5 ± 15.6

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

3.07
1.54
0.45
0.82
0.28
2.17
0.12
3.27
0.16
0.16

112.2 ± 25.8
101.6 ± 5.6
97.1 ± 5.3
91.8 ± 9.8
72.0 ± 8.2
3939.6 ± 1745.4
58.3 ± 2.7
2424.0 ± 281.5
95.1 ± 1.7
171.0 ± 5.1

3.19E+06 ± 6.29E+05
4.52E+06 ± 6.70E+05
1.99E+07 ± 6.12E+06
1.06E+07 ± 3.00E+05
1.47E+07 ± 3.99E+06
3.04E+06 ± 6.85E+05
3.52E+08 ± 5.46E+04
1.56E+04 ± 2.04E+03
1.79E+06 ± 5.16E+05
1.63E+06 ± 6.45E+02
1.52E+06 ± 4.99E+05

1.42E+04 ± 1.86E+03
3.16E+04 ± 1.14E+04
2.26E+04 ± 1.03E+04
1.86E+04 ± 5.72E+03
2.83E+04 ± 7.21E+03
1.51E+04 ± 2.36E+03
1.05E+06 ± 1.46E+05
1.00E+04 ± 4.74E+03
1.51E+06 ± 2.89E+05
2.26E+04 ± 1.54E+04
1.33E+04 ± 2.14E+03

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul

4.01
0.52
0.14
0.37
0.10
0.21
0.15
0.20

67.6 ± 30.6
41.3 ± 9.6
35.3 ± 1.5
38.4 ± 5.5
89.5 ± 11.6
46.9 ± 3.6
70.3 ± 5.2
54.0 ± 5.76

2.95E+06 ± 9.48E+05
5.32E+06 ± 4.78E+05
9.52E+05 ± 4.92E+04
9.31E+05 ± 1.21E+05
4.96E+06 ± 1.24E+06
1.93E+06 ± 3.75E+05
1.96E+06 ± 4.40E+05
1.42E+06 ± 1.48E+05
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chl a (μg L-1)

Microcystis (cells ml-1)

26-Jul
2-Aug

Microcystin (µg L-1)
0.20
0.19

49.2 ± 20.9
22.3 ± 1.6

1.36E+06 ± 5.09E+05
9.86E+05 ± 7.58E+04

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

5.10
2.62
0.70
0.12
0.13
0.25
0.15
0.18
0.18
0.15

171.7 ± 172.3
59.0 ± 7.3
83.1 ± 13.9
50.2 ± 1.3
53.4 ± 8.5
56.2 ± 13.6
43.0 ± 6.3
542.4 ± 775.1
51.7 ± 5.08
33.5 ± 7.4

5.76E+06 ± 1.20E+06
6.05E+06 ± 5.38E+05
1.92E+06 ± 4.09E+05
2.37E+06 ± 2.66E+05
4.94E+06 ± 2.28E+06
3.85E+06 ± 8.57E+05
1.68E+06 ± 4.24E+05
1.12E+06 ± 1.42E+05
1.46E+06 ± 2.94E+05
9.54E+05 ± 2.42E+05

Site

Date (2016)

Pond 2- North

Pond 2- South

Anabaenopsis (cells ml-1)

9
7
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38
34
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Figure 3.7 Pond 1- North water quality (Temperature (˚C), pH, dissolved oxygen (DO)
(mg L-1). Salinity was £ 0.01 at each sampling.
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Table 3.4 Water quality (Temperature (˚C), dissolved oxygen (DO) (mg L-1), pH) for
Pond 1- South and Pond 2- North and South.
Site

Pond 1- South

Pond 2- North

Pond 2- South

Date
(2016)
15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

Temperature (˚C)

DO (mg L-1)

pH

32.9
29.6
26.3
27.8
27.8
30.4
29.8
33.9
30.9
30.1
30.2

4.91
5.17
6.18
7.21
6.37
6.61
4.63
3.99
8.50
7.22
0.00

8.85
8.04
5.98
6.84
6.80
4.98
8.19
3.31
7.71
8.31
7.40

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

28.0
25.3
26.6
27.2
27.3
28.5
30.3
27.9
28.2
28.6

2.70
2.50
1.72
1.49
2.27
1.80
2.37
1.60
1.93
3.31

7.94
5.90
6.84
6.76
6.81
7.34
8.45
6.89
7.70
7.56

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

27.9
26.7
26.7
27.2
28.5
28.6
33.9
27.7
28.4
28.7

2.40
1.31
1.31
1.19
2.29
2.03
2.54
2.60
1.85
2.28

7.93
6.65
6.65
6.10
6.66
6.96
7.88
7.19
8.41
7.43

41

29-Apr
2-May
9-May
11-May
13-May
16-May
15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

Inorganic Nutrients (μM)
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Date (2016)
NO3+-+NO3NO2- NH4+
NH4+
NO2-

PO43PO43-

Figure 3.8 Pond 1 North mean dissolved inorganic nutrient concentrations (µM) (n=3 ±
SD). Nitrate + Nitrite (NO3-+NO2- ) (dark gray bars) ammonium (NH4+) (medium gray
bars), and orthophosphate (PO43-) (light gray bars).
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Figure 3.9 Pond 1 North mean dissolved organic nutrient concentration (µM) (n=3 ± SD).
dissolved organic nitrogen (DON) (dark gray bars), and dissolved organic phosphorus
(DOP) (light gray bars). Samples were not available on 29 April or 22 June 2016.
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Figure 3.10 Pond 1 North mean total nutrient concentration (µM) (n=3 ± SD). Total
nitrogen (TN) (dark gray bars), and total phosphorus (TP) (light gray bars). Samples were
not available on 29 April or 22 June 2016.
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Table 3.5 Water chemistry (all measured nutrients (µM)) (n=3 ± SD) for Pond 1 – South and Pond 2 – North and South. Total nitrogen
(TN), total phosphorus (TP), dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), ammonium (NH4+), nitrate +
nitrite (NO3- + NO2-), and orthophosphate (PO43-). Dashed lines indicate no representative sample.
Date (2016)

TN

TP

DON

DOP

NH4+

NO3-+NO2-

PO43-

173 ± 21.28

6.12 ± 0.90

----------

----------

----------

----------

----------

156 ± 51.16

7.77 ± 1.02

67.25 ± 19.50

2.38 ± 0.48

0.57 ± 0.24

5.20 ± 1.09

1.02 ± 0.57

103.89 ± 9.62

6.52 ± 0.05

36.85 ± 9.25

2.70 ± 2.23

0.78 ± 0.39

6.54 ± 4.10

0.77 ± 0.18

124 ± 16.07

4.87 ± 0.69

39.42 ± 24.36

2.13 ± 0.66

0.79 ± 0.42

0.95 ± 0.04

0.77 ± 0.18

115.54 ± 15.80

9.87 ± 1.83

44.58 ± 2.34

4.48 ± 0.90

10.32 ± 13.56

16.10 ± 18.52

0.55 ± 0.04

Pond 1- South

15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

361.11 ± 26.29

13.97 ± 10.64

65.01 ± 38.75

1.54 ± 2.47

1.47 ± 0.23

2.88 ± 0.80

0.82 ± 0.10

1634.61 ±68.63

101.41 ± 40.49

327.00 ± 90.89

12.96 ± 9.02

6.82 ± 10.24

13.44 ± 14.37

6.91 ± 6.43

138.74 ± 46.83

6.86 ± 1.08

38.38 ± 17.51

1.94 ± 0.77

2.20 ± 1.96

3.70 ± 0.96

1.09 ± 0.65

1339.55 ± 355.37

90.18 ± 49.89

129.96 ± 20.30

1.47 ± 1.53

1.70 ± 0.65

5.59 ± 3.06

3.58 ± 1.02

137.26 ± 37.15

9.98 ± 4.93

39.68 ± 12.45

1.64 ± 1.46

1.98 ± 1.65

5.97 ± 3.07

2.43 ± 3.22

137.12 ±21.64

8.14 ± 0.89

73.83 ± 10.38

2.33 ± 0.50

0.75 ± 0.07

4.49 ± 1.94

0.86 ± 0.16

129.45 ± 9.55

9.56 ± 0.19

88.66 ± 67.56

1.78 ± 1.59

16.14 ± 17.38

2.64 ± 2.54

5.90 ± 2.43

118.84 ± 4.82

9.81 ± 0.94

27.72 ± 25.30

0.08 ± 0.13

13.99 ± 12.86

1.72 ± 0.50

4.41 ± 0.73

133.93 ± 4.86

8.50 ± 1.68

12.12 ± 0.01

1.08 ± 0.61

14.20 ± 8.08

6.99 ± 5.85

4.41 ± 0.73

109.01 ± 24.66

13.89 ± 2.28

41.52 ± 21.05

0.42 ± 0.26

4.57 ± 2.12

1.38 ± 1.47

5.85 ± 0.78

282.33 ± 67.19

8.73 ± 3.56

49.20 ± 8.78

3.74 ± 3.43

1.84 ± 0.25

0.60 ± 0.13

3.56 ± 0.16

113.09 ± 24.10

10.12 ± 1.94

38.86 ± 6.33

2.63 ± 0.23

3.91 ± 1.73

1.03 ± 0.32

1.85 ± 0.13

118.47 ± 4.98

9.05 ± 0.55

48.39 ± 18.91

0.77 ± 0.83

5.95 ± 3.15

2.52 ± 3.89

5.08 ± 3.01

99.55 ± 13.14

9.37 ± 1.10

44.73 ± 21.58

0.64 ± 0.49

5.18 ± 1.60

2.24 ± 1.64

3.52 ± 0.7

114.03 ± 10.15

14.57 ± 7.19

68.45 ± 24.07

6.35 ± 10.63

11.78 ± 2.17

1.42 ± 0.51

3.66 ± 0.15

148.44 ± 12.04

12.46 ± 1.23

85.10 ± 51.84

1.77 ± 3.06

4.59 ± 0.97

1.17 ± 0.47

5.24 ± 0.18
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Site

Pond 2- North

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

Site

Date (2016)

TN

TP

DON

DOP

NH4+

NO3-+NO2-

PO43-

233.75 ± 77.88

12.49 ± 3.19

68.13 ± 39.63

1.76 ± 1.23

10.83 ± 4.74

3.56 ± 3.07

3.66 ± 0.38

106.12 ± 22.00

6.44 ± 2.64

21.64 ± 10.16

0.82 ± 1.42

18.18 ± 13.11

1.86 ± 2.28

4.08 ± 1.90

128.38 ± 2.89

9.20 ± 1.71

26.47 ± 0.37

1.32 ± 1.87

5.30 ± 0.74

1.76 ± 0.32

3.36 ± 2.03

127.06 ± 44.23

15.20 ± 2.90

82.74 ± 31.64

2.70 ± 2.83

3.86 ± 1.31

2.61 ± 1.56

6.92 ± 3.55

Pond 2- South

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

227.45 ± 10.00

14.06 ± 8.92

51.30 ± 13.30

8.00 ± 11.31

4.00 ± 3.00

1.56 ± 1.30

4.22 ± 0.21

117.80 ± 24.11

8.75 ± 1.50

39.40 ± 6.81

2.60 ± 0.35

3.59 ± 1.44

0.41 ± 0.20

1.49 ± 0.22

235.63 ± 129.69

11.95 ± 2.58

43.97 ± 12.27

1.06 ± 0.75

3.26 ± 1.66

0.44 ± 0.07

4.26 ± 0.29

424.77 ± 524.71

23.39 ± 16.01

52.99 ± 4.81

3.06 ± 1.87

3.79 ± 1.55

1.36 ± 0.53

1.86 ± 0.35

141.90 ± 19.27

9.66 ± 0.65

72.62 ± 14.17

1.02 ± 0.06

4.29 ± 1.02

0.82 ± 0.30

3.28 ± 0.04

132.48 ± 15.77

10.36 ± 1.50

120.36 ± 16.68

4.12 ± 0.62

3.94 ± 0.83

0.84 ± 0.16

5.27 ± 1.50
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Table 3.6 Mean nutrient ratios (µM) (n=3 ± SE) for Pond 1. No SD indicates only one
replicate sample was available. Total nitrogen (TN), total phosphorus (TP), dissolved
organic nitrogen (DON), dissolved organic phosphorus (DOP), dissolved inorganic
nitrogen (ammonium + nitrate + nitrite) (DIN), and dissolved inorganic phosphorus
(orthophosphate) (DIP). Dashed lines indicate no representative sample.
Site

Pond 1- North

Pond 1- South

Date (2016)
29-Apr
2-May
9-May
11-May
13-May
16-May
15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

DIN:DIP
25.02 ± 0.63
16.47 ± 0.83
7.52 ± 0.90
4.58 ± 2.33
4.07 ± 1.67
5.60 ± 0.78
2.45 ± 0.67
4.75 ± 0.57
3.25 ± 0.57`
3.15 ± 0.08
4.61 ± 0.31
2.73 ± 0.95
4.64 ± 0.95
6.32 ± 1.68
2.47 ± 0.59
4.40 ± 0.28
4.97± 0.41

DON:DOP
---------60.04 ± 0.00
7.52 ± 0.90
3.50 ± 1.02
25.38 ± 2.65
263.79 ± 126.53
25.53 ± 3.12
40.43 ± 7.43
---------10.55 ± 2.39
12.56 ± 1.89
---------13.82 ± 2.27
29.95 ± 1.57
48.35 ± 7.35
28.08 ± 5.20
24.93 ± 2.97

TN:TP
---------15.32 ± 0.05
8.67 ± 3.86
20.56 ± 6.25
18.83 ± 1.83
22.90 ± 1.65
17.32 ± 1.08
20.29 ± 0.61
---------2.73 ± 1.00
8.06 ± 3.19
17.37 ± 0.75
13.65 ± 3.22
28.28 ± 0.87
21.28 ± 1.99
23.27 ± 2.69
20.59 ± 2.15

15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

---------7.01 ± 2.09
9.12 ± 1.55
2.35 ± 0.49
50.19 ± 43.80
5.34 ± 0.67
2.39 ± 0.59
5.71 ± 0.40
2.13 ± 0.66
8.40 ± 4.70
6.46 ± 1.90

---------29.77 ± 7.25
22.25 ± 9.31
17.59 ± 4.26
10.10 ± 1.06
338.96 ± 210.27
44.12 ± 23.50
23.47 ± 0.86
68.36 ± 20.49
3.12 ± 1.84
32.37 ± 2.26

28.62 ± 2.72
19.82 ± 2.20
15.94 ± 0.87
25.48 ± 0.22
12.14 ± 2.07
36.48 ± 12.42
17.66 ± 3.43
20.14 ± 3.50
17.82 ± 4.69
16.07 ± 4.68
16.94 ± 1.60
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Table 3.7 Mean nutrient ratios (µM) (n=3 ± SE) for Pond 2. No SD indicates only one
replicate sample was available. Total nitrogen (TN), total phosphorus (TP), dissolved
organic nitrogen (DON), dissolved organic phosphorus (DOP), dissolved inorganic
nitrogen (ammonium + nitrate + nitrite) (DIN), and dissolved inorganic phosphorus
(orthophosphate) (DIP).
Site

Pond 2- North

Pond 2- South

Date (2016)
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

DIN:DIP
3.98 ± 1.18
5.53 ± 2.10
5.11 ± 3.11
0.99 ± 0.17
1.31 ± 0.39
2.68 ± 0.37
0.65 ± 0.30
2.96 ± 0.89
1.56 ± 0.19
0.94 ± 0.16

DON:DOP
46.01 ± 9.26
4.23 ± 3.09
10.09
21.46 ± 0.58
6.41 ± 0.00
15.34 ± 2.08
49.57 ± 13.41
23.01 ± 8.46
71.91 ± 9.78
30.06 ± 5.17

TN:TP
18.49 ± 0.79
17.33 ± 1.80
14.22 ± 1.23
8.41 ± 1.45
24.40 ± 5.70
13.45 ± 0.65
16.13 ± 4.16
14.17 ± 5.39
14.65 ± 0.61
12.87 ± 0.88

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
14-Jul
20-Jul
26-Jul
2-Aug

2.68 ± 1.06
3.68 ± 1.94
4.82 ± 1.12
0.61 ± 0.05
0.69 ± 0.05
2.62 ± 0.51
1.53 ± 0.21
2.10 ± 0.32
3.62 ± 0.42
1.11 ± 0.18

48.08 ± 7.49
250.16
46.58 ± 33.30
164.39 ± 102.51
23.22 ± 10.05
14.73 ± 0.95
36.84 ± 19.32
132.82 ± 72.19
61.52 ± 56.39
26.74

14.05 ± 0.72
12.17 ± 0.47
13.28 ± 0.88
7.79 ± 0.38
34.70 ± 5.05
11.27 ± 1.08
13.11 ± 0.42
10.61 ± 0.09
9.05 ± 2.26
11.92 ± 0.22
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Table 3.8 Spearman rank order significant correlations for all sample sites pooled for p <
0.05 (*) and p < 0.01 (**). Total nitrogen (TN), total phosphorus (TP), TN:TP ratio,
dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), ammonium
(NH4+), nitrate + nitrite (NO3- + NO2-), orthophosphate (PO43-), and dissolved oxygen
(DO).
Variable
chl a (μg L-1)

Microcystis (cells ml-1)
Anabaena (cells ml-1)
Anabaenopsis (cells ml-1)

Microcystin (μg L-1)

Correlation Coefficient
TN
0.608**
TP
0.395**
DON
0.309*
DOP
0.365*
TN:TP
0.399**
Temperature
0.411**
DO
0.572**
Microcystis
0.406**
Anabaenopsis
0.785**
Microcystin
0.441**
pH
⎼0.309*
Microcystin
0.473**
DON
⎼1.000**
TN
0.545*
TP
0.649**
DON
0.553*
PO43Microcystin
NO3- + NO2NH4+
DO
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0.517*
0.528*
0.295**
0.289**
0.372*

A

B

chl a (µg L-1)
Figure 3.11 Stepwise Linear regression results for (A) chl a with only TN and TP
entered. TP emerged as the best predictor of chl a (adjusted R2 = 0.925). (B) chl a with all
other significantly correlated variables. DON, DOP, Microcystis, and Anabaenopsis
emerged as the best predictor of chl a (adjusted R2 = 0.966).
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A

B

Anabaenopsis (cells ml-1)
Figure 3.12 Stepwise linear regression results for (A) Anabaenopsis with only TN and TP
entered. TN emerged as the best predictor of Anabaenopsis (adjusted R2 = 0.803). (B)
Anabaenopsis with all other significant correlations, chl a emerged as the best predictor
of Anabaenopsis (adjusted R2 = 0.631).
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A

Microcystis (cells ml-1)

B

Microcystin (µg L-1)
Figure 3.13 Stepwise linear regression results (A) Microcystis, pH, and microcystin
emerged as the best predictors of Microcystis (adjusted R2 = 0.406). (B) Microcystin,
Microcystis emerged as the best predictor of microcystin concentration (adjusted R2 =
0.284).
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DON (µM)

Anabaena (cells ml-1)
Figure 3.14 Linear regression results for Anabaena and dissolved organic nitrogen
(DON) (µM) (adjusted R2 = 0.986).
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Chapter 4
Discussion
This study described a new and quantitative SHA application (96- well plate
format) for Microcystis spp. in culture as well as one that could detect Microcystis in
environmental samples. These results provide a new tool for Microcystis monitoring at
the molecular level. Incorporation of SHA within regional water monitoring programs
will enable rapid identification and quantification of Microcystis blooms, allowing
managers (e.g. ecosystem, lake, and river recreational area, and SWP) to quickly respond
and set early warnings that safeguard public health.
The LLOQ and LLOD of the assay differed because of non-linearity at the lower
cell densities. Explanations of non-linearity could be due to insufficient binding of the
capture and/or signal probes to the Microcystis rRNA at lower concentrations. The
assay’s range of quantification was large (7.75 x 104 - 1.30 x 106 cells 250 µL lysate-1;
3.10 x 105 – 5.2 x 106 cells ml-1 sample), is above moderate Microcystis bloom
concentrations (1.00 x 105 cells ml-1; Greenfield et al. 2014), but is below dense bloom
concentrations (5.00 x 105 cells ml-1; Gobler et al. 2007). Thus, without any concentration
of the water sample, this assay has the potential to track Microcystis from moderate to
dense bloom levels. In order to use this SHA to identify and quantify Microcystis below
bloom concentrations and assess the risk to drinking water (WHO 1999) and/or recreation
(EPA document 820R15100), the water sample must be concentrated before it is
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processed by condensing a large volume of water on to the filter. Alternatively, if a dense
bloom is occurring, and the concentration of Microcystis seems high (i.e. green hue to the
homogenate), then the sample homogenate can be diluted using lysis buffer (before it is
syringe filtered) to allow for accurate quantification of Microcystis.
The SHA response was affected by Microcystis species as well as light and
temperature conditions. Since all three species tested (M. aeruginosa, M. botrys, and M.
wesenbergii) had identical sequences in the 28 base pairs of the MIC 593 capture probe,
and the 18 base pairs of the EUB 338 signal probe (based on the DNA sequences from
GenBankâ), differences in SHA response suggests that each species has diffing rRNA
contents cell-1. Other potential causes of differing interspecific SHA responses include
incomplete cell lysis, insufficient binding of the capture and/or signal probes, or
differences in the secondary or tertiary structure of the DNA that can affect binding of the
probes if structural folding blocks the probe binding site. Although the three species and
strains used in this study were isolated from different regions of the globe, they were all
acclimated to the same culturing conditions before the experiment, but the geographic
variability could have influenced the SHA response. Geographic variability was found to
influence the SHA response in different strains of Heterosigma akashiwo even though the
strains were acclimated to the same conditions before using SHA (Doll et al. 2014).
Future work could consider the dynamic ranges of each species, as the current study
considered a single cell density at log-phase growth. Since all three species can both cooccur (Murphy et al. 2003; Liu et al. 2011; Harke et al. 2016; Li et al. 2016), and cobloom (Imai et al. 2009; Liu et al. 2011), further work could also test mixtures containing
multiple species to elucidate how, or if interspecific interactions affect the SHA response
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as the proportional contribution of various Microcystis species, and that may lead to an
over or under estimation of Microcystis cells given a mixed species assemblage. Further
work should also include measurements the rRNA cell-1 using a different method (other
than SHA) to determine if differing rRNA contents are the cause of the difference in
SHA response.
In this study, SHA response for M. aeruginosa decreased with light level at 25˚C,
but at 32˚C, SHA response was greatest at the high light intensity, decreased at the
medium light intensity, then increased from medium to low light intensity. The
significant interaction between light intensity and temperature suggests that these two
parameters do not affect the SHA response equally. At the high light intensity, the similar
SHA response at 25˚ and 32˚C suggests that at higher light intensities, temperature does
not affect the SHA response. At the medium light intensity, the SHA response at 25˚C
was higher than at 32˚C, but the reverse was observed at the lower light intensity,
suggesting that at medium and low light intensities, the combined effects of light
intensity and temperature affect SHA response. Since rRNA content reflects the amount
of protein synthesis (Nagai et al. 2011), which is related to growth (Binder and Liu 1998;
Lepp and Schmidt 2004), cellular RNA content may be an indication of growth. In fact,
cellular RNA has been used to estimate Microcystis in-situ growth rate, as Nagai et al.
(2011) found that in M. aeruginosa culture, cellular growth rate and RNA cell-1 were
positively and significantly correlated, and in environmental samples, RNA cell-1 varied
under different light and temperature conditions (based on two different sampling years),
leading to varied estimated growth rates.

56

Since SHA measures rRNA, assay results can provide insights not only to
Microcystis growth, but also how environmental conditions affect the cells at a molecular
level. Results of this study imply that M. aeruginosa growth was highest at the high light
intensity for both temperatures, and lowest at the low light intensity for 25˚C and the
medium light intensity for 32˚C, which contradict Li et al. (2014), who found the highest
RNA cell-1 at the lowest light intensities tested, but align with Nagai et al. (2011) who
found greater RNA cell-1 at higher light intensities and temperatures. Many studies have
found that Microcystis growth rate is faster under warmer water temperatures (Davis et
al. 2009; Iami et al. 2009; Yang et al. 2012; Celeste et al. 2017; Xiao et al. 2017) and at
higher light intensities (Yang et al. 2012; Li et al. 2014; Xiao et al. 2017). The SHA
results in this study only follow the pattern of a presumable growth rate increase at higher
temperatures for the low light treatment, but within each temperature, the results follow
the pattern of a presumable growth rate increase at higher light intensities.
The interaction of temperature and light intensity has not been heavily studied,
though Yang et al. (2012) studied the interaction of temperature and light intensity on M.
aeruginosa growth, and found a significant interaction between temperature and light
intensity, as was observed in this study. Xiao et al. (2017) also studied how temperature
and light intensity impacted M. aeruginosa culture growth and found that at 28˚C, M.
aeruginosa growth was fastest at the medium light intensity tested (50 µmol photons m2
s-1), but at 20˚C, M. aeruginosa growth was fastest at the highest light intensity tested
(100 µmol photons m2 s-1. Although the current study tested warmer temperatures and a
wider range of light intensities than Xiao et al. (2017), the results do not follow the same
pattern that Xiao et al. (2017) observed because the highest SHA response at both
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temperatures was in the high light treatment. Collectively, the results of this study
indicate that the temperature and light intensity of the environment will have an effect on
the SHA response. Understanding how temperature and light intensity affect SHA
response will allow for more accurate Microcystis monitoring because temperature and
light intensity vary annually and seasonally, and dense blooms can cause shading,
changing the light intensity of the environment. Additionally, if SHA for Microcystis is
used to monitor Microcystis concentrations along a vertical profile, the changing
temperature and light conditions may further influence SHA response with depth.
During field sampling, overall nutrient concentrations were high, coincident with
the blooms, especially for N. In particular, the study location exhibited much lower PO43-,
and higher NO3-+NO2- concentrations that those observed in SWPs on Kiawah Island, SC
(Lewitus et al. 2003; Siegel et al. 2011; Greenfield et al. 2014). The positive and
significant correlations between NO3-+NO2- and microcystin concentrations suggest NO3+NO2- may enhance toxin production. However, since no forms of N or P measured in
this study were significantly correlated with Microcystis abundance, these nutrient forms
were unlikely to have limited Microcystis growth. Moreover, given the positive linear
relationship between microcystin and Microcystis, this genus was most likely responsible
for microcystin production, despite a higher correlation coefficient between microcystin
and Anabaenopsis, a genus not thought to produce microcystin (Rastogi et al. 2015).
DON and PO43- concentrations were both positively and significantly correlated with
Anabaenopsis abundance, but neither DON or PO43- were predictors of Anabaenopsis
abundance. Additionally, DON:DOP, DIN:DIP, or TN:TP were not significantly
correlated with any bloom genera, indicating that the relative concentrations of N and P
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(in any form) were not large factors in the abundance, or the succession of the bloom
genera. These results differ from other studies that generally find cyanobacteria
abundances correlated with lower TN:TP (Paerl et al. 2001). One possible explanation for
the generally high nutrient concentrations could have been that extensive tree removal
behind Pond 1 that caused an abundance of sediment and organic matter to enter the
pond. Additionally, waste associated with geese and pets, and fertilizer use could have
contributed to the high nutrient concentrations.
Although temperature was not significantly correlated with Anabaena or
Microcystis abundances in this study, other studies have shown that temperature can
influence the succession from Anabaena to Microcystis (Liu et al. 2014; Cai and Kong
2013). The succession from Anabaena to Microcystis has been observed annually in two
eutrophic lakes, Lakes Taihu and Chohu, China (Liu et al. 2014); Anabaena typically
blooms during the beginning of the summer, when the water temperatures are low, and
Microcystis typically blooms later in the summer, after Anabaena blooms when the water
temperature has increased (Cai and Kong 2013). Temperature may regulate this
succession because of its influence on the growth rate, and photochemical efficiency of
these genera, as Wang et al. (2016) found that in a mixed assemblage of cultured
Anabaena, and Microcystis, that Anabaena grew relatively more quickly and dominated
the culture at 15˚C, and at 25˚C, Microcystis growth greatly increased, while Anabaena
growth was almost completely reduced to no growth.
The timing of succession of the three bloom genera in the current study differed
from that of previous blooms in coastal SC SWPs. As examples, Lewitus et al. (2008)
found Anabaena and Anabaenopsis present together during June – August on Kiawah
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Island, SC, with abundances of both genera increasing from June to July. From July to
August, Anabaenopsis abundance decreased, and was not present after August, while
Anabaena abundance increased in July, then decreased from August to September.
Microcystis presence was observed in August and September, so it was observed with
Anabaena, but not with Anabaenopsis. Also, a large, toxic (microcystin concentrations
exceeded 1.10 x 104 µg L-1) Microcystis bloom occurred in a SWP on Kiawah Island from
September to January (Brock 2006), and other studies have shown Microcystis in SWPs
with DIN:DIP ratios < 1(Siegel et al. 2011). These studies differ from the current study
because they found Anabaena late in the summer followed by Microcystis during the
fall/winter months, and in the current study, the bloom occurred in the summer months,
and the primary bloom species succession was Anabaena to Microcystis to Anabaenopsis,
with Anabaena and Anabaenopsis not observed together. In addition, there was no
relationship found between DIN:DIP and Microcystis abundance, and the DIP:DIP was
never < 1 in Pond 1 (main site of bloom), and was only < 1 four times in Pond 2.
The MIC 593 capture probe successfully identified Microcystis from field
samples. However, we are not confident that cells could be reliably quantified in this
study following accidental thawing of the liquid nitrogen dewar that stored our bloom
samples, so environmental SHA results herein are considered qualitative only. While
further field validation studies are needed, these initial results indicate that SHA shows
promise for use in monitoring Microcystis presence.
The LLOD of this assay (1.50 x 104 cells 250 µL lysate-1, 6.00 x 104 cells ml-1) can
be used as a positive/negative indicator of Microcystis presence even though it falls
below the LLOQ. Identifying Microcystis presence indicates that there is a potential
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concern, which could prompt increased monitoring activities of a water body, and allow
for early management responses that work to mitigate the potential threat. Since the
results of this study indicate that SHA response in Microcystis is affected by species,
light intensity, and temperature, these factors should be taken into consideration when
using SHA to monitor Microcystis. The light and temperature should be measured at each
sampling location, and for accurate quantification of Microcystis using SHA, results
should be combined with microscopic evaluations of the species assemblage because this
may impact data interpretation. Using SHA for Microcystis will help to safeguard public
health by providing rapid identification and quantification allowing for earlier warnings,
and management of Microcystis blooms.
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Chapter 5
Conclusions and Future Directions
This study is the first that we know of to provide a SHA application for
Microcystis spp., including quantifying M. aeruginosa, but numerous avenues for future
work exist. As examples, there is scope to increase assay sensitivity to improve tracking
of Microcystis at very low (pre-bloom) concentrations. Studies should also consider
direct comparisons between environmental SHA results and counts derived from light
microscopy. The effects of several phytoplankton growth stages, a broader range of light
intensities and temperatures, and those influences on multiple species of Microcystis
could be addressed. Additionally, the effect of nutrient form and concentration on SHA
response should be considered. It is well known that differing nutrient concentrations can
affect the growth of Microcystis (Orr and Jones 1998; Sevilla et al 2010; Briand et al.
2012), but it is unclear how, or if these differences translate to Microcystis SHA
response. Furthermore, since Main et al. (2014) found that the SHA response was
significantly lower for Heterosigma akashiwo when it was grown under N stress (as
NO3-) versus N replete conditions, similar nutrient influences could exist for
cyanobacteria.
This study focused on the 96-well plate version of SHA because it is the
laboratory version, and it is how new SHA is developed, but similar SHA chemistry is
used on the Environmental Sample Processor (ESP) (Greenfield et al. 2006, 2008;
Scholin et al. 2009). The ESP is an in-situ sampling and processing instrument that can
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be deployed in larger environments such as large lakes, rivers and oceans, allowing for
near real-time monitoring of Microcystis abundances. SHA for Microcystis in both the
96-well plate, and the ESP format will provide ecosystem managers, lake and river
recreational area managers, and SWP managers with tools that can be readily used to
monitor Microcystis abundances, therefore aiding in the early detection and warnings that
safeguard public health.
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Optical Density (nm)

Appendix A: SHA Calibration Curve Using One Freeze/Thaw Cycle
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1.5E+06

Figure A.1 SHA calibration curve for Microcystis created with M. aeruginosa LE3 (n=3
± SD) using one freeze/thaw cycles. Markers are shown for 450 nm (dark gray squares)
and 650 nm (light gray triangles) as well as dashed lines for regressions of both 450 (dark
gray) and 650 nm (light gray), respectively.
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Appendix B: SHA Response in the Environmental Samples
Table B.1 SHA response in the environmental samples (n=3 ± SD), and average (n=3)
cells 250µL lysate-1. Grayed out text indicates a SHA response below the LLOQ.

9-May
11-May
13-May
16-May
15-Jun
17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul

Optical Density
(450 nm)
0.182 ± 0.004
0.216 ± 0.044
0.126 ± 0.007
0.336 ± 0.035
1.144 ± 0.100
1.731 ± 0.368
1.405 ± 0.147
1.006 ± 0.145
0.696 ± 0.040
2.359 ± 0.295
0.192 ± 0.022

Average Cells
250μL Lysate-1
6.91E+04
8.57E+04
3.44E+06
3.12E+04
4.32E+06
5.92E+06
2.17E+07
6.81E+06
1.53E+07
1.65E+07
5.05E+05

17-Jun
22-Jun
24-Jun
28-Jun
6-Jul
11-Jul
20-Jul

1.396 ± 0.171
1.026 ± 0.117
0.565 ± 0.035
0.704 ± 0.020
1.703 ± 0.203
0.131 ± 0.011
0.099 ± 0.011

5.66E+06
2.49E+07
1.33E+07
1.84E+07
3.80E+06
8.79E+05
4.47E+05

Pond 2- North

17-Jun
22-Jun
11-Jul

2.647 ± 0.444
1.291 ± 0.079
0.691 ± 0.038

7.20E+06
7.56E+06
4.82E+06

Pond 2- South

17-Jun
22-Jun
11-Jul

1.162 ± 0.112
0.903 ± 0.029
0.498 ± 0.062

3.68E+06
6.65E+06
2.41E+06

Site

Pond 1- North

Pond 1- South

Date (2016)
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